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FOREWORD

The sliding control concept was proposed as a device for maintaining

trim of aerodynamically efficient missiles with minimum performance penalty.

In this report, experimental data is presented which indicates the potential

capability of the concept.

The work was supported by the Naval Surface Weapons Center Independent

Exploratory Developme.it Fund.
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CHAPTER 1

INTRODUCTION

A conventional aerodynamic control (Figure 1) for a missile employs a
deflected lifting surface, aft of the missile's center of gravity to provide an
aerodynamic moment that imparts a rotation to the missile. As a result of this
rotation, the missile pitches to ar ,-lie of attack.

While this control system ace for most purposes, it has drawbacks
that can detract from its effev -ci ess or efficiency. Examples of such
deficiencies are:

1. The control force detracts from the missile lift thereby reducing
maneuverability and decreasing lift/drag ratio.

2. The control force has a drag component that impairs missile
per formance.

3. The control force imparts a hinge moment that must be overcome by
f the control actuators.

- 4. Aerodynamic controls are ineffective at high altitudes where air
density is too low to provide the necessary maneuver forces.

Various devices have been developed to compensate for these shortcomings.
-, For example, the control surface can be moved forward ahead of the missile
* center of gravity (canard controls). This arranger ait is unstable in the sense

that the missile will not find a trim position for a given control deflection.
Canard controls also induce strong downwash fields on the aft portions of the
configuration and may thereby introduce unfavorable nonlinear aerodynamic

Jb. characteristics. However, since the lift provided by canard controls is in the
h desired direction, they are sometimes used on highly maneuverable missiles in

spite of the aforementioned drawbacks.

Thrust vector controls are employed on some missiles to provide large
control moments, even outside of the atmosphere. Of course this type of control
is not effective unless the engine is operating. Also, high driving forces and
heavy equipment are usually required to push the exhaust nozzles to the desired
position. in addition, a loss in performance will be incurred when the thrust

- vector is not in the flight direction.

Another possible control configuration, also depicted in Figure 1, is a
lifting surface arranged to slide into the exhaust of the missile's propulsion
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V a CONVENTIONAL

F =CONTROL FORCE
V = MISSILE VELOCITY
a = ANGLE OF ATTACKF

SLIDING
CONTROL

r
FIGURE 1. CONVENTIONAL MISSILE AERODYNAMIC CONTROL AND CORRESPONDING SLIDING CONTROL

jet. As can be seen in the figure, such an arrangement would have a reduced

drag penalty for a given control force.

In-this report, an investigation of a sliding control concept will be

described. Figure 2 shows a pair of sliding controls mounted on the base ofa
missile designed for high lift/drag ratio, The control surfaces shown in this

in and out of a slot in the body base to adjust the amount of moment that they
provide. They move together to produce a pitching moment and differentially to
generate yaw and roll. Other arrangements, such as a square formed by four
surfaces, could be employed depending on the desired control forces.

The concept will be described miore fully in the next chapter of the report.

CONTROLS

PLUG NOZZLE *

FIGURE 2. SLIDING CONTROL CONCEPT ON HIGH-PERFORMANCE MISSILE

2
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4 The performance of the concept was examined experimentally in a supersonic
wind tunnel test of a convenient configuration. The test conditions are
described in Chapter 3, and the results of the test are presented in Chapter 4.
In the final chapter, potential applications of the concept are described in
light of the test results.

43/
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CHAPTER 2

DESCRIPTION OF SLIDING CONTROL CONCEPT

As indicated in Figure 3, the resultant pressure force on a sliding control
acts normal to the control surfaces and has no axial force component.
Consequently this control system has the potential for providing a given
trimming moment with less drag penalty than a conventional control; especially
advantageous for vehicles designed for high lift/drag ratio. The sliding
control achieves this advantage by its extreme rearward location which means
that a small force provides the required control moment, as well as its lack of

*an axial force component of pressure. The direction of the force depends on the
location of the control surfaces with respect to the exhaust jet. If the
control is above the exhaust (assuming that the force imparted by the impinging

jet exceeds that from the flow on the external surface of the control), then the
force will be upward, if below the jet, it will be downward. With the vehicle

in its normal trim attitude, the controls would be partially extended. They
would slide in or out to increase or decrease the control moment to maintain
trim. Whether they can also provide sufficient torque to manuever the missile
depends on the required moments and the forces on the control surfaces.

CENTER OF GRAVITY SLIDING CONTROLS

EXHAUST

(PLUG NOZZLE)

FIGURE 3. GEOMETRICAL ARRANGEMENT OF SLIDING CONTROLS

VI
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This control device has the further potential advantage of requiring little

actuator force because its motion is opposed only by friction which can be made

small by good bearing design.

Like thrust vector controls, the system as visualized here operates only

when the jet engine is functioning. However, since it would normally sustain a

force even without the jet, it could be designed to operate with no engine

thrust.

Wind tunnel measurements were made to determine the magnitude of force

which this type of control might be expected to generate. The control force

will depend on the geometry of the configuration; hence any measurements are

strictly applicable only to the configuration that is tested. Since this
investigation addresses no one particular application, the cylindrical control

geometry shown in Figure 4 was selected for manufacturing and test convenience.
The results are to be interpreted as indicative primarily of the general

performance of the concept.

6
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a FIGURE 4. CONTROL CONFIGURATION INVESTIGATED
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* CHAPTER 3

WIND TUNNEL TEST

MODELS

The sliding control geometry consists of a thin half-circular cylinder
extending from the base of a circular missile body, as shown in Figure 4.

* However, the forces on the outside of the control were measured first in a Mach
number 2.27 flow, but with no jet. Then, air was supplied to a circular nozzle
simulating the exhaust jet impinging on the inner surface of the control with no
external flow. Thus, it was assumed that, for the purposes of this experiment,
the flows on the interior and exterior surfaces of the control were entirely

* independent of each other.

on the basis of this assumption, the external control surfaces were modeled
as shown in Figure 5. The basic configuration is a blunted cone-cylinder body
of length 16.091 in. and diameter 2.75 in. incorporating a 9.065 in. nose.
Three semicircular sections could be added simulating control extensions from 0
to 1.5 in.

Forces were measured on the model with 0, 1, 2 and 3 extensions attached.
Pressure measurements on interior surfaces of the extensions (as we..l as on the

* base of the body) permitted calculation of the magnitude and location of the
normal force acting on the external surfaces of the control in its three

* simulated positions. A photograph of the complete configuration mounted in the
wind tunnel is shown in Figure 6.

The model used to determine the forces on the internal surface o f the
control is depicted in Figure 7. It consists of a cylindrical support housing a
conical nozzle. The area ratios are chosen to produce a jet Mach number of 4 at

* the exit. As in the external surface model, three semicircular extensions can
* be added to simulate various control positions.

This configuration was mounted in the wind tunnel test section for
convenience. The test section was evacuated. then high pressure air was
introduced into the nozzle, and pressures on the internal control surfaces were~
measured as a function of jet pressure ratio.

,4NL) TUNNEL AND INSTRUMENTArION

All of the force tests were conducted in Supersonic Tunnel No. 2 of the
Naval Surface Weapons Center at a free stream Mach number of 2.27. The upstream
stagnation pressure was approximately 18 psi except for one run at about 10 psi.

91
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FIGURE 7. CUTAWAY VIEW OF MODEL WITH INTERIOR CONTROL SURFACES
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Normal force, axial force and pitching moment were measurea by a strain
gage balance as the model pitched through angles of attack from about -6* to +6*
(corrected for sting deflection). Pressures were measured in the 11 locations
shown in Figure 8a using solid state "Microswitch" transducers. Because of
faulty connections, the readings from taps 5 and 6 were erroneous and were
replaced in the data reduction by the data from symmetrical taps 3 and 8
respectively.

On the jet model, pressures were measured at the locations shown in Figure
8b as well as the ambient pressure in the test chamber and the jet pressure in
the model upstream of the nozzle contraction.

13
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CHAPTER 4

EXPERIMENTAL RESULTS

RUN SCHEDULES

Two sets of data were acquired. The run schedule for the force tests is
shown in Table 1, while the jet test schedule is given in Table 2.

Each force test run consisted of a sweep through angles of attack from -6*
to about +6* (or 100). In each jet test, the pressure in the model chamber was
brought up to about 60 psi in live to ten seconds. Meanwhile, the ambient

pressure increased as air came into the test chamber faster than it was pumped
out. The ambient pressure continued to increase for five to ten seconds more.

TABLE 1. FORCE TESTS (M=2.27)

RUN NO. CONFIGURATIONS Po(PSI) ANGLE OF ATTACK

0 body alone 9.5 -6* to +100

I body alone 18.2 -6 ° to +6*
2 body +1 control extension 18 -60 to +60

3 body +2 control extensions 18 -6° to +6'
4 body +3 control extensions 19.7 -60 to +60

TABLE 2. JET TESTS

RUN NO. CONFIGURATION ET
P""

10-16 jet only 5-40
20,21 jet + I control extension 5-40

30,31 jet + 2 control extensions 5-40
40-42 jet + 3 control extensions 10-35

17
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DATA REDUCTION

Force Tests

The force measured by the strain gage balance on each configuration is an
integration of the pressures over the area of the model plus a friction
contribution to the axial force. The pitching moment is an integration of the
pressure forces multiplied by their moment arms including contributions from any
asymmetrical axial loads. What is desired is the normal force on the external
surface of the simulated control and its point of action along the model axis.
The control force is obtained by subtracting the body alone normal force from
the force on the body plus control extension then deducting the force due to the
integrated pressures acting on the inside of the control extension. Expressed
in coefficient form, the normal force on the outside of the simulated control is:

N = - +fpdA
0 T"B AREFfJ

where CN = normal force coefficient on outside of control extension,
N
0

CN measured normal force coefficient on body plus control,
T

C = measured normal force coefficient on body alone.
N
B

Cp = pressure coefficient on inside of control extension = qw

p = measured pressure (absolute)

q. = free stream dynamic pressure

AREF = reference (base) area = 5.9396 in
2

The integration is performed by summing up the products of the measured
pressure coefficients multiplied by the area projected on a horizontal plane in
body coordinates associated with each pressure tap. The outer pressure taps
shown in Figure 8a are assumed to apply to the flat area of the extension Block
(.4375 in2-each) while the center pressure tap applied to the center area (.5
in2).

The pitching moment provided by the control is found in a similar manner.
Moments are measured about the nose of the model.

C = Cm T  CBm E XdA - Cp) YdA]mo ARE F LRE F  R P

18
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C = pitching moment coefficient due to force on outside of control
m

0 extensions

C = measured pitching moment coefficient on body plus control
m
T extensions,

C = measured pitching moment coefficient on body alone
m
B

X = axial distance from moment center to center of control extension

C = measured base pressure coefficient on exposed body

p
b

C = measured base pressure coefficient on control extension

p
c

Y vertical distance in body coordinates to the centroid of the base
of the control extension = .640 in

Ab = base area of control extension 
= 2.5771 in2

LREF moment reference length = 16.091 in.

Jet Tests

The pressure force an the internal contour of the control extensions is
determined by integration of the measured pressures

CN CdA

Here CN = normal force coefficient on interior surface of control extension

Cp = pressure coefficient on inside of control extension = qw

* p = measured pressure

PJET = upstream pressure in jet model

19
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p. ambient pressure in force tests

q. = dynamic pressure associated with corresponding force test.

Similarly, the pitching moment contribution is

I

where

x =distance to pressure tap from reference stations (body nose)
LREF =body length 16.091 in.

The integrations indicated by the equations for CNI and Cm ar

performed by adding the products of measured pressure times associated projected
area. The projected area over which each pressure is assumed to act is taken as
1/3 the inside diameter of the control extension (2.625 in.) times its thickness
(.5 in.). Each pressure tap is then assumed to act over a projected area of
.4375 in2. Since the jet is supersonic, thepressures which it exerts on the
inner surface of the control should be neArly independent of the ambient
pressure in the test chamber. Hence the results as given here reflect the fact
that the pressure on the interior of the control extension is approximately
proportional to the upstream pressure in the jet.

Net Control Force and Moment

The net effect of extending the control surface out from the base of the

model is a force and moment obtained by adding (with appropriate sign)
C N + C N= C Nand C m+ C m=C m. Normal force is positive upward, and

1 0 c 1 0 c

pitching moment is positive nose up.

RESULTS

Force Data

Measured normal force, axial force and pitching moment are shown as
functions of angle of attack in Figure 9. These plots are obtained directly
from the force balance data and include the forces due to pressures acting on
the interior surfaces of the control extensions. Each control segment increases
the normal force coefficient on the body by about .02.

Control Effectiveness

Plots of control functions are shown in Figures 10 and 11. The net normal
force (Figure 10), for example, is determined by subtracting the body alone data

from the body plus control (corrected for the pressures acting on the interior
of the control surface in the wind tunnel tests). Then the downward load due to
the exhaust impinging on the inside of the control surface is subtracted. The
normal force data thus shows increasing downward load as the jet pressure
increases and as the control extension becomes longer.

20
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I *X =NO CONTROL EXTENSION
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FIGURE 9b. AXIAL FORCE COEFFICIENTS
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FIGURE 9c. PITCHING MOMENT COEFFICIENT
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Pitching moment curves (Figure 11) show similar trends.

The effectiveness provided by the sliding control system is more explicitly
shown in Figures 12 and 13. Here the control forces and moments are plotted
against control extension for different jet pressure ratios. Although the plots
apply at zero angle of attack, the results at other angles of attack would be

V similar. At a pressure ratio of about 150, the jet would be correctly expanded

in this example.

In the experimental setup for the interior pressures on the control
extensions, air at a high upstream pressure (about 60 psi) was expanded into a
near-vacuum; the jet was therefore underexpanded during the tests. However, the

pressure exerted on the control surface was generally lower than the ambient
pressure on the model during the force test, and also lower than the pressure
acting on the outside of the control extensions. Consequently, as can be seen
in Figures 12 and 13, for low jet pressure ratios (PJET/P- = 10, for
example), or for engine-off the control extensions carry a net upward force that
increases as the extension gets longer. At high jet pressures (PJET/Pc" =

* 35), the net force on the control extension is still primarily upward, but the
force decreases as the control extends beyond about I in. and acts downward at a
control extension of 1.5 in. The pressures measured on the interior surfaces of
the control extensions in the presence of the jet were slightly higher near the
body than on the outboard extension. Hence the pitching moment was still
negative when the control force changed sign.

SCHLIEREN PICTURES

Schlieren photographs of the model in the wind tunnel are shown in Figure
14. The flow at the base of the model appears to be relatively unaffected by
the model support system.

The jet flow patterns are visible in the pictures shown in Figure 15. In
the case with no control extension, the jet is symmetrical; while the addition
of the control section apparently causes an upward deflection of the flow in the
vicinity of the control.

ACCURACY

Force and pressure data are quite repeatable and accurate (within a few
percent) although differences of up to 20 percent sometimes appeared between
supposedly symmetric pressure readings. Probably, the main source of error is
the paucity of pressure data so that integrated forces on the interior surfaces
of the control extension could be off by 10 percent or more. The results should

* be sufficiently accurate, however, to indicate the general effectiveness of the
concept
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FIGURE 14. SCHIIEREN PMOTOGRAPHS OF MODELS AT 40 ANGLE OF ATTACK. NO CONTROL EXTENSION
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aY.

FIGURE 1ib. SCHIIEREN PHOTOGRAPHS OF JET. CONTROL EXTENSION I 1 IN
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CHAPTER 5

CONCLUSIONS

The results of the experiment indicate that a sliding surface can be an
efficient and effective control device. The measurements shown here for jet
pressure ratios less than 10 or 15 indicated that the concept could provide trim
moments for engine-off or low thrust zonditions.

Scaling the pressure on the interior of the control surface with jet
pressure ratio would indicate that for ratios in excess of about 55, the
pressure on the insideo~f the control would exceed the pressure on the outside,
and the device could then provide trim or control moments of the opposite sign

* from engine-off conditions.

As indicated previously, a sliding control concept can operate at high
* altitude and could be designed for low drag and low actuator force requirements.

if the device is used to trim a stable symmetric missile at a positive
angle of attack, then it would be placed so as to provide a positive pitching
moment. In some asymmetric configurations, such as that depicted in Figure 2, a

* negative trimming moment might be required; in which case the control would be
placed above the jet exhaust (for high jet pressure ratios).

In general, while the control surface will generate some force after rocket
engine burn-out, the direction of the force is likely to be opposite to that of

the engine-on-force. Thus the system investigated here is probably not suitable
for controlling both power-on and power-off flight. The situation might be
different for an air-breathing engine which operates at a low pressure ratio and
could continue to provide a flow field after burn-out.

It is not necessary to slide the controls in a direction parallel to the
missile and thrust axis. If the control is pointed more toward the thrust axis,
then it would be expected to generate a bigger interior force and more drag.
Sliding the control on a line slightly away from the thrust axis would reduce
the control force, but may also reduce the drag penalty for a given control
moment. The optimum direction would depend on the requirements of a particular
application.

Although the effect of the sliding control on the missile thrust has not
been specifically investigated, it should be negligible for the case of a
control sliding in the direction of the thrust axis. In a supersonic jet, there
would be no upstream influence of the control. Hence only the control surface
itself would experience a change of force and it would not have a streamwise
component other than friction drag.
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The purpose of this investigation has been to suggest a new type of control
concept which might have advantages for some applications. The data presented
here can provide some indication of the magnitude of the forces available for
one example of this type of system; but the results can only be interpreted
qualitatively for any other geometry.
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